Abstract: Proximal hamstring tears are among the most common sports-related injuries. These injuries often occur as strains or partial tears at the proximal muscle belly or the musculotendinous junction, with avulsion injuries of the proximal attachment occurring less frequently. Regardless of the mechanism, they produce functional impairment and negatively affect an athlete's performance. Various classifications for these injuries are reported in the literature. Early surgical treatment is recommended for patients with either a 2-tendon tear/avulsion with more than 2 cm retraction or those with complete 3-tendon tears. Surgery can be performed in the chronic phase but it is technically demanding because of scar formation and tendon retraction. This Technical Note describes a biomechanically validated surgical technique for repair of the proximal hamstring tears.
P roximal hamstring tears are among the most common sports-related injuries and are frequently seen during eccentric muscle contractions, forced hip hyperflexion, and ipsilateral knee extension and fall accidents. 1, 2 The hamstring muscle group consists of 3 posterior thigh muscles, including the semimembranosus, semitendinosus, and the biceps femoris muscles. The tendon of the long head of the biceps femoris inserts laterally into the ischial tuberosity, while the tendon of the semitendinosus inserts medially. These 2 tendons merge to form the conjoined tendon. The semimembranosus tendon inserts laterally into the ischium, anterolateral to the footprint of the conjoined tendon. 3 Injuries to this muscle complex can result in significant disability, prolonged recovery, and loss of time from sport. Several classification systems for hamstring injuries have been developed. Traditionally, hamstring injuries have been classified according to their clinical presentation ranging from grade 1 to grade 3. This classification system includes grade 1 (mild): overstretching but minimal loss of the structural integrity of the muscle-tendon unit; grade 2 (moderate): partial tear; and grade 3 (severe): total rupture. 4 Wood et al. 5 described a classification system based on anatomic location of injury, degree of tear (partial or complete), degree of muscle retraction, and involvement of the sciatic nerve (sciatic nerve tethering). Type 1 injuries are osseous avulsions, type 2 are tears at the musculotendinous junction, type 3 are incomplete tendon avulsions, type 4 are complete tendon avulsions with no or minimal retraction, and type 5 are complete tendon avulsions with retraction of the tendon ends. Type 5 may be associated with sciatic nerve tethering (type 5b).
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Injuries to the hamstring muscle complex can be largely separated into injuries of the muscle belly and those of the proximal tendon. Although most injuries to this muscle group are categorized as muscle strains, 12% represent a tear or avulsion of the proximal attachment at the ischial tuberosity. 6 Muscle strain and injuries to the musculotendinous junction can be treated successfully with nonoperative management. However, significant injuries, such as proximal tendon avulsions, treated nonsurgically have been reported to yield poor outcomes. When surgical treatment is warranted, early intervention within the first 4 weeks is recommended in patients with either a 2-tendon tear/ avulsion with more than 2 cm retraction or those with complete 3-tendon tears. 2, 7 Surgical treatment can be performed in the chronic phase (>4 weeks), but it is often challenging because of scar tissue formation, which causes increased difficulty of a neurolysis of the sciatic nerve and mobilization of the retracted tendons.
Because treatment of proximal hamstring avulsion injuries can be challenging for both diagnosis and management, the purpose of this Technical Note is to describe our preferred approach for surgical repair of proximal hamstring tears and provide an overview of the rehabilitation protocol following surgery.
Patient Presentation and Physical Examination
Patients often report a history of an acute, sharp pain in the posterior thigh, which can be accompanied by an audible pop during activity. Some patients report an insidious onset whereas others may have an acute or chronic onset. On examination, the patient may have ecchymosis at the posterior thigh with typical "stifflegged" gait. Moreover, on palpation, tenderness may be elicited with confirmation of a defect. However, a defect may not always be easy to palpate because of the overlying soft tissue. Following palpation, hip and knee range of motion is assessed and any asymmetry is noted. Hamstring muscle strength, resisted active knee flexion, and eccentric loading with active knee flexion are measured while the examiner extends the knee to With the patient in the prone position, dissection is then carried down through the subcutaneous tissues to identify the inferior border of the gluteus maximus on the right side. Following gluteus maximus mobilization, a blunt broad retractor is used for proximal retraction. In cases of acute rupture, once the posterior fascia has been opened, blunt dissection down to the ischium may be easily performed. . In addition, some provocation tests can be performed to evaluate the severity of the injury, including the Puranen-Orava test, bent knee stretch test, and modified bent knee stretch test. 1 A plain radiograph may suffice and adequately demonstrate an avulsion fracture from the ischial tuberosity. Magnetic resonance imaging is recommended to visualize the proximal injury location, number of involved tendons, extent of injury, degree of retraction, and concomitant soft tissue lesions in the zone of injury. Ultrasonographic imaging may be helpful in the acute phase, but use of this imaging modality is examiner-dependent.
Surgical Technique Patient Positioning
The patient is brought to the operative suite and general anesthesia is performed supine and then the patient is placed in the prone position. Padded chest rolls are placed under all bony and soft tissue prominences, bilaterally, to prevent any pressure spots. A nonsterile clear self-adhesive impermeable drape is then placed around the proximal hip. The drape is placed directly adjacent to, and along the perineal area for maximum surgical exposure. A second self-adhesive drape is then placed around the superior aspect of the hip. During this step, it is important to maintain exposure of the posterior gluteal fold. The entire operative extremity is then prepared with chloraprep. An impervious stockinet is placed around the foot, and the lower leg is then wrapped with an elastic wrap. Impervious self-adhesive drapes are placed around the proximal hip and thigh (Video 1).
Surgical Approach and Repair
Exposure of Ischium. The gluteal crease is identified and the ischium is palpated. An 8-cm cutaneous mark is drawn out centered over the ischium (Fig 1) .
A full-thickness skin incision is made transversely with a No. 10 blade along the gluteal fold. Hemostasis is obtained with electrocautery. Dissection is then carried down through the subcutaneous tissues to identify the inferior border of the gluteus maximus (Fig 2) . Metzenbaum scissors are used to incise the inferior fascia, thereby allowing for proximal mobilization of the gluteus maximus. Following gluteus maximus mobilization, a blunt broad retractor is used for proximal retraction. In cases of acute rupture, once the posterior fascia has been opened, blunt dissection down to the ischium may be easily performed. A large hematoma and fluid collection is often encountered. In a chronic rupture, a layer of adhesions and scar tissue overlying The ischium is cleared of all soft tissues with a rongeur. The bony surface is then prepared with a combination of a curette and a rasp. 
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e313 the ischium and the hamstring tendons is commonly encountered. This layer is incised and careful dissection is performed to identify the ischium and the hamstring tendons. Once the tendons have been recognized, the sciatic nerve should then be identified. The sciatic nerve is located laterally to the proximal hamstring tendons and ischium. Once the sciatic nerve is dissected away from the surrounding soft tissues, and if necessary, a neurolysis of the nerve can be performed. Following completion of neurolysis, No. 2 Fiberwire (Arthrex, Naples, FL) traction sutures should be placed through the tendons (Fig 3) .
With traction on the tendons, all adhesions and scarring are removed to allow full mobilization. Deep blunt retractors are then placed inferiorly, medially, and laterally, allowing full exposure of the ischium.
Anchor Placement and Suture Fixation. A rongeur is used to remove all soft tissue from the ischial attachment site of the proximal hamstrings. A curette and a rasp can then be used to freshen the bony surface (Fig 4) .
Once the bony surface has been prepared, the repair anchors are inserted. The drill guide for a 2.9-mm Osteoraptor anchor (Smith & Nephew, Andover, MA) is then placed along the ischium (Fig 5) . From the proximal to distal aspect of the ischium, anchors should be placed with 3 mm of separation between each (Fig 6) .
For a stable construct, up to a total of 5 anchors is recommended. 8 Once the anchors are secured, a free needle is used to pass the sutures sequentially through the tendon with full-thickness bites. Each free suture limb should be passed through the tendon (Fig 7) .
Each suture can then be tied with squared surgical knots. If the repair exhibits overtensioning or tendon approximation up to the ischium is difficult, the knee may be flexed to relieve tension off of the repair. Once all knots have been tied, the knee should be guided through a range-of-motion examination to evaluate the repair integrity and ensure the hamstrings have not been overtensioned. Following completion, the repair should be inspected and it should be verified that the sciatic nerve is not tethered (Fig 8) . The advantages and disadvantages as well as the pearls and pitfalls associated with this technique are reported in Table 1 and  Table 2 , respectively.
Postoperative Rehabilitation
Following proximal hamstring repair, patients are restricted to toe-touch weight bearing and must use crutches with a knee brace in full extension for the first 6 weeks postoperatively to protect the surgical repair.
Additionally, during these first 6 weeks, trunk and excessive hip flexion are limited, with no active hamstring exercises allowed. A supervised physical therapy program lasting 4 months is recommended. Major milestones to be achieved by this physical therapy program include helping patients regain the ability to complete daily living tasks during the first 6 weeks, then integrate light hamstring-strengthening exercises (e.g., standing leg curls) and total leg-strengthening exercises (e.g., heel raises, general hip strengthening) during weeks 6 to 8, with the goal of reaching full range of motion by end of week 8. During weeks 8 to 12, nonimpact aerobic exercises (e.g., stationary bike, Stairmaster) are initiated and total leg-strengthening exercises increase in intensity as tolerated. By the end of week 12, the patient should be able to perform daily living tasks without restriction and nonimpact aerobic activities without pain. Physical therapy for this injury is designed to first protect the surgical repair, and then gradually to restore functionality with a steady progress in exercise intensity. Often the defect can be palpated through the skin, guiding the correct placement of the incision.
In chronic cases, the palpation of the defect may be unreliable.
The incision performed in the gluteal fold provides a reliable exposure and adequate subsequent cosmetic healing.
A transverse incision in the gluteal fold can be difficult for exposure in patients with a hypertrophic gluteus maximus or a deep subcutaneous fat layer (a longitudinal incision can be performed). Proximal hamstring repair improves outcomes in both acute and chronic injuries.
Chronic injuries can lead to muscle atrophy and fibrosis, thereby increasing the difficulty of the repair. When performed in an acute setting, the complications and reruptures of proximal hamstring repair are lower.
Augmentation with autografts/allografts may be considered in chronic cases. This approach provides an effective way to do a meticulous hemostasis, avoiding hematoma formation.
If the hemostasis is not done correctly, hematoma formation can lead to a greater risk of infection and sciatic nerve compression.
Table 2. Pearls and Pitfalls of Proximal Hamstrings Reconstruction Pearls Pitfalls
Patient positioning must allow for free mobilization of the limb. Because of the prone position of the patient during the procedure, induction of general anesthesia must be done with care. The correct knowledge of the anatomy of the proximal hamstrings and surrounding nerves is essential for a successful treatment outcome.
In chronic cases, the anatomy can be considerably distorted as a result of fibrosis and muscle atrophy.
Identifying the posterior femoral cutaneous nerve and sciatic nerve is essential to avoid iatrogenic injury to these structures.
Adhesions will lead to greater difficulty in performing a sciatic nerve neurolysis and successful identification of surrounding nerves. A sciatic neurolysis may be necessary to protect the nerve and avoid iatrogenic injuries if it is tethered to the hamstring tear.
Care must be taken with the use of deep retractors to avoid damage to surrounding neurovascular structures. Incisions through the gluteus maximus can be performed in line with its fibers if the identification of the proximal hamstrings "footprint" cannot be reached with retraction of this muscle.
Superior gluteal nerve injuries can occur with this approach; therefore, dissection must be performed carefully to minimize the risk of injury. The sciatic nerve is situated lateral to the tendons; therefore, a neurolysis is more easily performed if started at the distal aspect of the nerve.
Be careful when removing tissue from the proximal tendon to avoid excessive shortening.
Whenever the proximal lesion is an avulsion from the ischial tuberosity, all remaining soft tissue must be removed at its bony attachment to establish a large osseous contact surface. The use of a brace that restricts hip flexion may be used for protection of the surgical repair.
Discussion
This Technical Note details our technique for an anatomic proximal hamstring repair. Given that hamstring strains account for 25% to 30% of all muscle strains, the hamstrings are regarded as one of the most highly affected body sites in the injured athletic population. 3, 9, 10 There is a wide range of injuries within the proximal insertion of the hamstrings, which vary from musculotendinous strains (disruption of the musculotendinous junction) to avulsion injuries (injury to the tendon bone unit). It has been consistently reported that the most affected muscle of the 3 is the biceps femoris. [11] [12] [13] However, there is conflicting literature regarding which is the second most commonly injured proximal hamstring muscle. [14] [15] [16] The mechanism of injury is generally forced eccentric contraction with the knee extended and the hip in hyperflexion and a forced eccentric contraction of the hamstring muscle complex. 2, 17 Usually, these lesions occur during sports participation or slip and fall accidents and can produce significant functional impairment that can greatly affect athletes. [17] [18] [19] [20] Nonoperative treatment of proximal hamstring injuries is most commonly recommended for low-grade partial tears and insertional tendinopathy. However, nonoperative treatment in athletes has been reported to produce less than optimal results, with complaints of ongoing cramping and weakness seen in up to 80% of these athletes. 21 Surgical treatment is recommended for patients with either a 2-tendon tear/avulsion with >2 cm retraction or those with complete 3-tendon tears. Several surgical repair procedures have been described in the literature, including both endoscopic and open approaches. 9 Currently, transosseous fixation techniques have been substituted by suture anchor systems, which have emerged as the gold standard treatment probably because of less technical demand and decreased risk of surrounding tissue damage. 22 A recent systematic review concluded that although the quality of the studies is poor, surgical repair of proximal hamstring avulsions appeared to result in satisfying outcomes based on subjective patient reporting. 23 However, decreased strength, residual pain, and decreased activity level were reported by a significant number of patients after repair. Minimal differences in outcomes of acute and delayed repairs were found. 23 Concerning the repair technique, a cadaveric study from our group indicated that repairs using 5 small anchors yield similar results to the intact tendon and were significantly stronger than repairs using only 2 large or 2 small anchors in the repair of complete avulsions of the proximal hamstring tendons. 8 Thus, this is the rehabilitation protocol that this study uses. Lastly, Harvey et al. recommended fixation of the hamstrings at full extension because increasing hip flexion from 0 to 90 increased the displacement of proximal hamstring repairs. 24 Given the positive outcomes noted in the literature, we recommend repair of avulsion injuries to the proximal hamstring. In this Technical Note, we present our approach for an anatomic proximal hamstring repair. This technique has been validated biomechanically, and we believe it provides a strong repair that can tolerate rehabilitation and give good long-term results. Future long-term studies with larger sample sizes are necessary to assess patient satisfaction and efficacy of proximal hamstring repair.
